dimensional tumor scaffold, enhance cancer cell proliferation, and promote the invasive capacity of tumors. The single most studied component of the tumor stroma is endothelial cells and the blood vessels they form. It was recognized more than 30 years ago that the growth of new blood vessels within tumors, a process termed angiogenesis, is a prerequisite for tumour expansion and might well be the "Achilles" heel of cancer [1] . Studies on human tumor biopsies have been mainly performed on advanced cancer, hence our knowledge is biased towards late-stage tumors. However, using mouse models of multistep tumorigenesis we are able to gain insights into the complex processes which are part of a tumor's progression from a premalignant stage into a solid cancer with a distinct, aberrant microenvironment. By doing so, we are beginning to discover that the formation of a tumor-supporting stroma is not just an adaptation to the metabolic needs of the tumor, i.e. oxygen and nutrients. Instead, we encounter a fine-tuned program, in which tumor and stromal cells regulate each other and show an astonishing plasticity. Together tumor and stromal cells serve a common goal, to foster tumor growth.
Tumor angiogenesis revisited
Tumor-induced angiogenesis was originally defined as the proliferation of endothelial cells and sprouting of new blood vessels from pre-existing vessels. Pioneering work by Judah Folkman and Douglas Hanahan has demonstrated that the onset of blood vessel formation, the "angiogenic switch", is a distinct and integral stage of tumour growth which can occur surprisingly early during tumor progression [2, 3] . The first signs of angiogenic activity in preneoplastic lesions are vessel dilatation, which precedes a stage of increasing heterogeneity in vessel diameter and distribution. The vasculature of latestage tumors eventually loses all hierarchical features and becomes chaotic and tortuous [4, 5] .
Angiogenesis is orchestrated by a variety of stimulatory and inhibitory growth factors, and the list of potential regulators continues to grow [3, 6] . While vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) are the best known inducers of vascular growth, it is evident that they are not the sole players. Angiogenic regulators have largely been studied using in vitro model systems that mimic vessel formation under defined conditions and simply by assessing endothelial cell proliferation. However, such studies do not recapitulate the spatial and temporal formation of a tumor-induced vascular network. Furthermore, angiogenesis research has focused for decades on endothelial cells as the major constituents of the vasculature and tumour cells as the main source for growth-stimulating factors. It is now appreciated that angiogenesis represents a more complex morphogenetic process, during which the whole vascular structure of the tumor stroma is remodeled. Moreover, non-neoplastic tumor stromal cells secrete factors capable of stimulating vessel sprouting and perpetuating the angiogenic process.
A critical role for pericytes in blood vessel maturation
Neovascularization is tightly regulated during embryogenesis and during a variety of biological processes in adults. In response to angiogenic factors, pre-existing vessels become dilated and supporting cells such as smooth muscle cells and pericytes detach from the vessel wall. Endothelial cells then migrate into the perivascular space by degrading basement membrane and extracellular matrix, multiply and form new vascular sprouts. Under normal circumstances, this transient proliferation phase is followed by the establishment of a stable, hierarchical vascular network. Pericytes are again recruited to the vasculature in response to growth factors such as platelet derived growth factor B (PDGF-B); these pericytes reduce endothelial cell proliferation and stabilize the newly formed vasculature [7] .
This self-limiting process of vascular growth is profoundly disturbed during tumor angiogenesis, leading to a chaotic, highly aberrant vasculature. Whereas abnormalities in the endothelial cell compartment are well documented [4, 5, 8] , only limited studies have so far examined pericytes within tumors. However, there is increasing evidence that pericytes, characterized as α-smooth muscle actin-, desmin-, NG2 proteoglycan-or PDGFRβ-positive cell populations, play an important role during tumor growth [9] . Tumor pericytes are described as being loosely associated with the endothelium, having cell processes that extend away from the vessel wall, and in contrast to their normal counterparts, being sensitive to PDGF signaling [10, 11] . The importance of pericytes for ongoing angiogenesis has recently been documented in an experimental system in which selective ablation of PDGF-B signaling reduced tumor angiogenesis and substantially improved the efficacy of anti-VEGFR treatment [12] . Thus, similar to endothelial cells, intratumoral pericytes are clearly distinct from the mural cells of normal tissue [13] . This observation is consistent with reports describing pericytes as a pluripotent cell population which can change appearance upon cytokine activation [14] .
Fibroblasts as regulators of angiogenic activity
Vessel sprouting and maturation are finely tuned by growth factors and physical contact with adjacent cells. Fibroblasts represent a prominent stromal cell type which secretes large amounts of growth factors and extracellular matrix proteins and which actively participate in tumor formation [15] . In addition, during tissue stress and tumor growth, fibroblast differentiation towards an α-smooth muscle actin-positive contractile myofibroblast phenotype is frequently observed. In vitro, myofibroblasts have been shown to enable invasion of endothelial cells into tumor cell clusters and to regulate the formation of three-dimensional vessel-like structures [17, 18] . TGFβ, an abundant growth factor within the tumor microenvironment, may trigger transformation of fibroblasts into myofibroblasts and subsequently into smooth muscle cells or periyctes which, in turn, support angiogenesis [14, 16] . However, in vivo, these events are not well documented, in part because of striking heterogeneity in the expression of marker proteins between different tumors and within individual tumors [19] . Therefore, it is not fully understood whether smooth muscle cells within solid tumors described as activated, abnormal or immature result from fibroblast phenotype switching or arise from a common mesenchymal precursor cell.
Inflammation-induced angiogenesis
Upon activation inflammatory cells like monocytes, macrophages, neutrophils, mast cells and leukocytes release pro-angiogenic cytokines like VEGF and CXC chemokines that stimulate endothelial cell proliferation and motility. There is ample evidence these immune cells are recruited into the tumor stroma. Within the tumor stroma, the local cytokine milieu blocks potential immunological anti-tumor functions and instead modifies their phenotype to promote tumor progression [20, 21] . This also involves secretion of factors which promote proliferation and migration of endothelial cells, matrix remodeling and the formation of stabilized vessels. Increased numbers of tumor-associated macrophages, for instance, promote tumor malignancy, and the number of these cells within tumors is significantly correlated with angiogenic activity and poor prognosis in cancer patients [22] .
Distal origin of stromal cells
The tumor shapes its own stroma and, in turn, diverse stromal cell types contribute to tumor neovascularization in a tightly regulated fashion. Precursor cells may reside in the local tumor environment and display a high degree of plasticity with the potential to transdifferentiate into various cell types [23, 24] . However, establishment of the tumor stroma is a less localized phenomenon than previously believed. There is increasing evidence from the literature that bone marrow-derived precursor cells populate the newly established stroma and contribute directly or indirectly to neovascularization. This process of postnatal vasculogenesis differs from classical angiogenesis, in which sprouts arise from endothelial cells of pre-existing vessels. There is still debate as to the extent to which bone marrowderived vascular precursor cells contribute to tumor progression and their function within the tumor environment. Although there is little evidence for bone marrow contribution to steady-state tissue regeneration [25] , it is well established that circulating endothelial precursor cells contribute to neovessels after wounding and ischemic injury [26] [27] [28] .
Endothelial progenitors contribute to tumor neovascularization
Recent evidence strongly suggests that growth factors like VEGF that are secreted by tumors not only act locally but also promote mobilization of circulating endothelial progenitor cells from the bone marrow.
These progenitor cells are released into the peripheral and circulation home into the vascular bed, where they contribute to the vascular network [29] . Incorporation of marrow-derived precursor cells into neovessels was first documented in bone marrow chimeric mice with subcutaneously implanted tumors. In these studies, bone marrow-derived endothelial cells could be distinguished from tumorresident vessels due to the expression of a marker gene, usually β-galactosidase or green fluorescent protein. The studies revealed an estimated precursor contribution ranging from approximately 50 to 90% [30, 31] (Table 1) . Integration of progenitor cells into the vasculature of spontaneously growing tumors has been documented, however, with a greater variability (0 to 40%) [32] [33] [34] . Variable involvement of bone marrow-derived endothelial cells in these models of de novo tumor growth clearly reflects different tumor types and grades. Interestingly, in a spontaneous tumor model in which progenitor integration into the vasculature could be monitored over time, only latestage cancers relied on stem cell incorporation into tumor vasculature, possibly due to massive expansion of tumor mass and increasing metabolic demands In AlbTag mice SV40 Large T antigen is expressed in hepatocytes under the control of the albumin promoter and tumors develop through hyperplasia, dysplasia, and eventually hepatocellular carcinoma at the age of 14-16 weeks. Endothelial cells were isolated from cancerous tissue of EGFP bone marrow chimeric AlbTag mice at different stages during tumor progression and the frequency of EGFP + "green" endothelial cells quantified by FACS analyses [34] . (B) Tumor vessels of a 16 week-old AlbTag mouse, reconstituted with bone marrow from an EGFP reporter mouse at the age of 4 weeks. Incorporation of EGFP + "green" bone marrow-derived cells into lectin-perfused (red) vessels is shown. Scale bar = 20 μm.
[34] (Fig. 1) . To date, there are only few quantitative studies in humans addressing the integration of bone marrow-derived cells into the vascular network. Compared to murine tumor studies, numbers seem to be lower. Peters et al. for instance have documented an average contribution to tumor endothelium of 5% stem cells in bone marrow transplanted patients using sex chromosome-specific probes [35] .
Multistep nature of endothelial progenitor recruitment during tumor-induced angiogenesis
The release of VEGFR2 + endothelial precursors along with VEGFR1 + hematopoetic stem cells from the bone marrow is a complex, multifactorial process, requiring pro-angiogenic factors like VEGF and matrix metalloproteinase-9 (MMP-9). As elegantly shown by Heissig et al., MMP-9 promotes release of soluble cKitL which in turn stimulates cell proliferation and motility bone of marrow-derived cells [36] . Mobilized circulating endothelial progenitors must eventually find their way to sites of angiogenesis. So far, mechanisms of homing and integration into the vessel wall are largely unknown. It was recently demonstrated, in a model of spontaneous liver carcinogenesis, that tumor-resident endothelial cells secrete a variety of CC chemokines which attract CCR + endothelial progenitors into the tumor bed. In this novel mechanism endothelial cells, as components of the tumor-induced stroma, enhance neovascularization in a self-amplifying loop, rather than tumor cells [34, 37] . Intriguingly, tumor-activated fibroblasts in human breast carcinomas secrete stromal cell-derived factor 1 (SDF-1), which promotes angiogenesis by recruiting SDF1 receptor-positive (CXCR4 + ) endothelial progenitors into the tumor [24] . Again, these data demonstrate that the tumor stroma acquires distinct characteristics which lead to the recruitment of bone marrow-derived precursors to amplify the angiogenic process. Once at the tumor site, endothelial progenitors form cell clusters, bridge pre-existing vessels, and integrate into the vascular network. Intravital studies on vascular integration of embryonic endothelial precursors and in vivo blocking experiments have provided evidence that initial progenitor cell arrest is mediated by E-and P-selectin [38] . Thus integration itself appears to be a multistep process, which remains largely uncharacterized.
Recruitment of peri-vascular cells from the bone marrow
Few studies on the role of bone marrow-derived precursor cells in tumor-induced angiogenesis have focused on the perivascular compartment. However, there is an increasing number of reports describing the existence of bone marrow-derived, pericyte-like cells within the tumor stroma (Table 1) . For instance, in a melanoma model, angiogenesis recruited periendothelial cells that shared expression of hematopoetic markers like CD11b and CD45 but also expressed the pericyte-specific NG2 proteoglycan [39] . In a spontaneous tumor model, a subset of PDGFRβ + perivascular progenitors was found in the tumor bed; specific ablation of these cells resulted in endothelial cell death and severe impairment of angiogenesis [40] . Again, this demonstrates the existence of immature bone marrow-derived pericytes that are crucial for tumor neovascularization. In a model of pancreatic islet cell carcinoma, a considerable number of myofibroblasts and fibroblasts originating from bone marrow were found embedded in tumor stroma [41] . This finding suggests that tumorinduced myofibroblasts described in other models may also be recruited from the bone marrow [24] . To date, the precise origin of myofibroblasts and pericytes, the molecules involved in their directed migration, and their fate within tumors remain unknown.
Proangiogenic bone marrow-derived mononuclear cells within the tumor bed
The contribution of bone marrow cells to angiogenesis remains a controversial issue. While many reports provide precise numbers and locations of genetically engineered bone marrow cells within the tumor bed, others fail to identify bone marrow-derived cells among intratumoral endothelial and smooth muscle cells [42] [43] [44] . Interestingly, however, there is mounting evidence that a population of mononuclear cells may directly or indirectly control tumor-induced angiogenesis. Lyden et al. first described a population of VEGFR1-positive hematopoietic cells that are co-mobilized with VEGFR2-positive endothelial precursors and are critical for tumor angiogenesis; they appear to confer stability to neovessels [30] . De Palma et al. have identified Tie2-expressing mononuclear (TEM) cells of hematopoietic origin which selectively home to angiogenic sites and support neovascularization via paracrine effects [23, 42] . Although TEMs and VEGFR1 + bone marrow-derived cells share features of proangiogenic monocytes, their exact relation to each other is unknown. Besides supplying growth factors to vascular cells monocytes/macrophages may play a more profound role during tumor angiogenesis. Recently, it was shown that an intimate association of monocytes/macrophages with progenitor cells is required for the formation of new capillary-like structures [45] . Moreover, monocytes/macrophages themselves may possess the potential to develop an endothelial phenotype upon angiogenic stimulation [46] .
The "endothelial capacity"
It is well documented that bone marrow-derived circulating cells have the capacity to migrate into tumors and contribute to neovascularization. The precise nature of bone marrow-derived stromal cell subsets in tumors, their relationship to each other and their functional contribution to neovessels, however, remains puzzling. Explanations for the differences in findings among studies include variety of tumor types examined, variations in experimental setup, and limited resolution of vascular components when using immunohistochemistry. However, these differences may also reflect an oversimplified appreciation of the complex regulatory systems. The tumor environment most likely determines what cell types are recruited from the periphery and when this recruitment occurs [24, 34] . During multistage tumor progression, stromal components are modified to acquire new tumor-specific characteristics which, in turn, influence release of growth factors and recruitment of progenitor cells. Hence, progenitor cells found in tumor stroma may vary depending on tumor type, location and stage. Moreover, there is accumulating in vitro evidence that bone marrowderived mononuclear cells can transdifferentiate into cells of various lineages [47] [48] [49] . In addition, cells with mixed phenotypes, displaying vascular endothelial cell and leukocyte markers, exist within tumors and have the capacity to generate functional blood vessels in vivo [50] . Although speculative at this stage, a possible scenario is that pluripotent circulating progenitors are recruited into the tumor bed, associate with the vasculature, and provide angiogenic factors, but also retain the capability to transdifferentiate into endothelial cells, myofibroblasts, or pericytes depending on tumor conditions at a specific time during its progression.
Tumor therapy via progenitor cells
The homing of progenitor cells to tumor neovasculature suggests new ways to block a tumor's blood supply. This might be achieved by interfering with the homing of hematopoietic stem cells and endothelial progenitors as described by Lyden et al. [30] . Alternatively, hematopoietic stem cells or embryonic endothelial progenitor cells could be genetically modified to deliver suicide genes or angiogenesis inhibitors and used as cellular vehicles for tumor targeting [42, 51, 52] . These potential strategies have been applied to transplantation models and, to some extent have delayed tumor growth. Given the variability in progenitor numbers found in different tumor models and the selective accumulation of these progenitor cells in advanced tumor stages [34] , targeting vasculogenesis may represent only one aspect of anti-cancer therapy, and anti-vasculopenic therapy likely needs to be combined with other treatment modalities, for effective cancer therapy. However, assessing circulating progenitor cell frequencies as a diagnostic marker in cancer patients is an attractive concept and awaits evaluation in the clinic [53] .
Concluding remarks
The crucial role of the stroma during malignant progression is undeniable. Moreover, tumor stroma is critically altered during tumorigenesis and the tumor itself generates a self-supporting environment [54, 55] . Emerging evidence, however, shows that stroma not only passively responds to tumor signals, but also drives proliferation and angiogenesis in a self-perpetuating fashion [24, 34] . Moreover, this active role of the tumor stroma involves the recruitment of a diverse range of circulating progenitor cells into the tumor bed. The plasticity and transdifferentiation potential of these progenitor cells within the tumor environment is largely unknown. Part of the complexity results from poor definition of circulating stem cells and variable surface marker expression. To understand the relative contribution of diverse bone marrow cells in vivo will be a major step forward in modulating the neovasculature and the pathological stromal environment.
